In this work, we report the electrochemical synthesis of nanometric copper clusters smaller than 3 nm of height and 14.3 nm of diameter from perchlorate solutions. From the number of copper clusters counted directly from the AFM images, it was possible to derive an equation, which is able to predict the number of clusters formed in function on the applied potential. Also, qualitative AFM images were simulated employing a spreadsheet and the freeware ImageJ, the results obtained show concordance with the experimental AFM images.
INTRODUCTION
Copper nanoparticles (CuN) have been widely used as cooling fluids for electronic systems, 1 conductive inks, 2 biosensors, 3 electrochemical sensors, 4 antimicrobial agents, 5 among others. Also, CuN exhibit great catalytic activities, and nonlinear optical properties, which could result in many applications in optical devices and nonlinear optical materials, such as optical switches or photochromic glasses. 6, 7 Moreover, recently, it was reported that CuN are able to convert CO2 in methanol, which represent an important advance to diminish some environmental issues in big cities. 8 Thus, it is not so strange that many researchers have been developing new methods to synthesize CuN. Currently the main methods to synthesize them include chemical reduction, [9] [10] [11] [12] thermal decomposition, 13 polyol, 14, 15 laser ablation, 16 in situ chemical synthetic route, 17 low energy cluster beam deposition technique, 18 and electrodeposition, 4, [19] [20] [21] [22] . Specifically, electrodeposition is commonly used to synthesize nanoparticles because it is a relatively simple and low cost procedure in comparison with other techniques. 22 However, it is important to highlight that the physical and chemical properties exhibited by CuN are highly dependent on their size and morphology by which, one of the main difficulty during their synthesis is tailoring and fine-tune the cluster's size and the properties of these for a given application. 23 In the case of the electrodeposition process, there are two main approaches to control the size of metallic nanoparticles. The first one is to vary the experimental conditions associated with the plating bath, while the second one is to modify the electrode surface roughness. 22 In the first approach, several parameters including the nature of additives, concentration of nanoparticle precursors, temperature, deposition potential, and the pH value of the plating bath, can be varied to ensure shape and size control of the nanoparticles, [24] [25] [26] [27] [28] while in the second approach, the electrode surface roughness is modified using either physical methods 29 or depositing conducting films 27 . Employing the first approach, Huang et al, were able to synthesize CuN of 51 nm on HOPG applying a potential step to nucleate copper particles, followed of a strip peak potential to strip smaller metal nuclei partly, at last, a growth potential. 21 Also, CuN have been synthesized modifying the composition of the plating bath by pectin scaffold 4 or using sulfate solutions 30 . On the other hand, the roughness surface may be modified depositing a polypyrrole conducting film on a substrate, and the size distribution of the CuN is highly dependent on the thickness of the polypyrrole film due to the increased surface roughness and the decreased uniformity of the surface potential. 27 Thus, employing any of the two procedures above mentioned it has been possible to synthesize CuN with different sizes and distributions. From these results, it is clear that the modulation of the cluster's size depends on an extensive number of parameters, which have to be modified to get nanoparticles with a defined size and specific properties. Therefore, the development of simple methodologies is desirable to modulate the CuN's size electrodeposited on different substrates. Up to the best of our knowledge, the influence of the applied potential on the electrode surface to control the size of the copper nanoclusters from a plating bath based on perchlorate ions has not been reported in the literature. This kind of electrolyte shows advantages because ClO4ions are weakly adsorbed on the electrode surface, which allow to study the nucleation process without a strong interference of anions adsorbed on the substrate. 19 Thus, in the present work we employed the potentiostatic technique to synthesize copper clusters with different size, maintaining constant the composition of the plating bath and modifying exclusively the applied potential on the electrode surface. We carry out the morphological characterization of the CuN employing Atomic Force Microscopy (AFM) at different applied overpotentials. Also, we performed the prediction of qualitative AFM images of the CuN synthesized employing a spreadsheet and the freeware ImageJ. 31 
O n L i n e F i r s t EXPERIMENTAL
The copper electrodeposition onto HOPG electrode was carried out from a plating bath containing 0.01 M Cu(ClO4)2 + 0.02 M NaClO4 at pH 5. All plating baths were prepared using analytic grade reagents and ultra pure water (Millipore-Q system) and they were deoxygenated by bubbling N2 for 15 minutes before each experiment. For these experiments, freshly cleaved HOPG surfaces were employed in each experiment. In all cases a graphite bar was used as counter electrode while an Ag/AgCl electrode (in saturated KCl), with a Luggin capillary was used as reference electrode. All experiments were carried out at 25 o C in unstirred solutions. An EPSILON potentiostat with the BASi-EpsilonEC software was employed to control the parameters involved during the electrochemical experiments. Cyclic voltammetry was carried out in the 0.600 V to -0.800 V potential range. The characterization of CuN was performed with an Atomic Force Microscopy (AFM) a JEOL JSPM 4210 microscope in the lift mode.
RESULTS AND DISCUSSION
A cyclic voltammogram was obtained from the system 0.01 M Cu(ClO4)2 + 0.02 M NaClO4 at pH 5, see Figure 1 . This voltammogram is similar to those reported previously by our research group. 19 Note that at the direct scan, the copper reduction process starts at 0.020 V approximately. Copper reduction process involves two-steps, the first one is a slow step, related to the reduction of Cu 2+ to Cu +1 (peak A), while the second one is a fast step related to Cu +1 to Cu 0 (peak B). 32 The peak A, at -0.050 V has been associated with the slow step, while peak B, at -0.2 V, is related to the fast step. Thus, from this voltammogram it can be seen that metallic copper can be electrodeposited at lower potentials than -0.050 V. 
O n L i n e F i r s t
It is possible to synthesize metallic clusters employing the chronoamperometric technique, however, it is necessary to know the potential value, and the duration of the potential pulse applied on the electrode surface. Here, it is important to mention that from j vs. t plots is possible to infer the experimental potential values where is possible to form disperse clusters. In this work, the transients were obtained by applying an initial potential of 0.600 V on the electrode surface. After the application of this initial potential, a step of negative potential was varied on the electrode surface in the range [-0.075 --0.175] V. In this sense, the formation of a current density maximum in a transient may serve to identify the regions in where it is possible synthesize, either disperse or overlapped clusters. Thus, before this maximum it is possible to synthesize clusters because the nucleation process is separated from the overlapping process. 35 In Figure 2 , it is reported a chronoamperogram obtained from the HOPG/0.01M Cu(ClO4)2 + 0.02M NaClO4 (pH 5) system at -0.175 V vs. Ag/AgCl for 30 s. Note that this potential value corresponds to the extreme of the potential range analyzed in the present work. This transient is similar to those reported previously for the copper electrodeposition of copper onto HOPG electrodes by our research group. 19 Figure 2 . Chronoamperogram obtained with the potentiostatic technique from the HOPG/0.01M Cu(ClO4)2 + 0.02M NaClO4 (pH 5) system at -0.175 V vs. Ag/AgCl. Moreover, in the transients reported in the previous work, is clear that the transients obtained at more negative potentials than -0.175 V, show diffusion limitations which become significant and may alter the getting of disperse clusters. Thus, we selected the potential range in the present work as [-0.075 --0.175] V to carry out the present study, because in this range it is possible to control adequately the influence of the applied potential involved in the formation of copper clusters.
Also, from Figure 2 it is possible to note that the current density maximum is obtained at 5 s, therefore, at this applied potential value the formation of copper clusters should be obtained at t ≤ 5 s, and at t > 5 s is expected the overlapping of the copper clusters. Thus, in the present work, in all cases, the potential pulse was finalized at 5 seconds to avoid the overlapping of nuclei (clusters) on the electrode surface, see Figure 3 . Transients obtained at the potentials values reported in Figure 3 but at t > 30 s, have already been reported previously by our research group. 19 In the transients reported in Figure 3 , note that at shorter times than 0.5 s, there is a falling current transient, which may be associated with a process where the adsorption and the step Cu 2+ to Cu 1+ occurs simultaneously at the HOPG electrode surface. 33, 34 Also, note that after this falling current, in each case, the j vs. t plot increase the density current value without reaches a maximum, this fact ensures the formation of disperse copper clusters on the HOPG surface. Figure 3 . A set of current transients obtained from aqueous solution 0.01M Cu(ClO4)2 + 0.02M NaClO4 (pH 5) onto a HOPG by means of the potential step technique for different potential step values indicated in the figure. In all the cases, the initial potential was 0.600 V.
The general shape of the transients reported in Figure 3 is very similar to the reported for a three dimensional nucleation process with a diffusion control (3D-c). 36, 37 A classification of the nucleation as instantaneous or progressive from transients showed in Figure 3 is possible by following the criteria established by Sharifker et al. where the experimental transients in a non-dimensional form by plotting j 2 /jm 2 vs. t/tm are compared with those theoretically generated from Equations (1) and (2) for instantaneous and progressive nucleation, respecttively. 36 O n L i n e F i r s t
where jm is the current density on the maximum reached at the time tm. However, it is important to mention that these equations are valid only at the initial stages of the electrocrystallization process, when the nuclei are sufficiently small and growth to independently from each other. 38 Figure 4 shows a comparison of the theoretical dimensionless transients, generated by Equations (1) and (2) with the experimental dimensionless current transients reported in Figure 3 . This analysis was carried out for the transients obtained at -0.175, -0.150 and -0.125 V during a pulse potential of 5 s, to ensure the formation of disperse copper clusters on the HOPG surface. Note that the nucleation process may be classified as instantaneous. In an instantaneous nucleation the saturation number density of nuclei is achieved immediately after applying the potential step, by which is possible to control the number of cluster formed on the electrode. Moreover, in an instantaneous nucleation is expected that all nuclei have similar sizes. 
In order to verify the formation of CuN on the HOPG surface through the potentiostatic technique, we analyzed the copper deposits electrochemically synthesized when the potentials applied on the electrode surface were -0.075, -0.100, -0.125, -0.150 and -0.175 V. For the case of the transients obtained at -0.075 V (see Figure S1a in supplementary material) and -0.100 V (see Figure 5 ); it is possible to observe the formation of disperse copper clusters on the HOPG surface. The AFM images reported in these figures were visualized with the software WSxM. 39 Note that when the applied potential was -0.125 V ( Figure S1b ) the number of copper clusters is major in comparison with the nuclei population observed at -0.075 V and -0.100 V. A similar behavior is observed at the -0.150 V ( Figure S1c ) and -0.175 V ( Figure S1d ) applied potentials. Thus, at lower potentials the population of nuclei on the electrode surface is bigger. Moreover, note that in all cases the copper clusters synthesized are homogeneous and they are disperse on the electrode surface, which agrees with the concluded from the nondimensional plots, see Figure 4 . Last results suggest that it is possible to control the population of copper clusters synthesized on the HOPG surface with a simple change on the applied potential on the electrode surface. In order to determine the average cluster's size of the copper clusters obtained at each potential; we plotted the distribution of cluster's size as function of their height employing the WSxM software. 39 Also, the roughness of the HOPG substrate in an area of 3.0×3.0 μm 2 , covered with copper clusters, was measured; resulting 0.35, 0.39, 0.51, 0.83 and 0.89 nm for the deposits obtained at -0.075, -0.100, -0.125, -0.150 and -0.175 V, respectively. Note that the roughness becomes higher as the number of nuclei or clusters increases due to the changes on the surface morphology. The average cluster's size at each case was evaluated considering a Gaussian distribution. In Figure 6 , it is reported the histogram for the number of copper O n L i n e F i r s t clusters deposited at -0.100 V in an area of 3.0×3.0 μm 2 ; and its corresponding Gaussian distribution, for this potential value, the average cluster's size is 3.3 nm. A similar analysis was carried out for the other cases, and the average cluster's size is 3.6, 3.1, 2.4, and 2.3 nm for -0.075, -0.125, -0.150 and -0.175 V, respectively. Also, note in Figure 6 , that according to the three-sigma rule, 68% of the cluster's size is in the range of 2.06-4.63 nm, 95% in the range 0.8-5.91 nm and 99.7% in the range 0-7.20 nm. Thus, copper clusters bigger than 7.2 nm are few and their influence is negligible in the Gaussian distribution. Figure 6 . Histogram of the height distribution of copper clusters deposited at -0.100 V potential value in an area of 3.0 × 3.0 μm 2 , and its corresponding Gaussian distribution. Also, height cluster distribution is depicted according to the three-sigma rule.
Considering the above mentioned we selected different zones of the AFM images reported in Figure 5 and S1 (see supplementary material), where the copper cluster's size is into the 95 % of the Gaussian distribution, to avoid the influence of the clusters, which are not significant in the analysis. In Figure S2 of the supplementary material, we report these zones, from each image reported in this figure; we carried out a similar analysis to that shown in Figure 6 . The results obtained indicates that the average cluster's size for -0.075, -0.100, -0.125, -0.150 and -0.175 V applied potentials values are 2.84, 2.77, 2.69, 2.65, and 1.98 nm, respectively. The RMS associated with these electrodeposits were 0.35, 0.31, 0.27, 0.35, and 0.45 nm. Also, to determine the diameter of the copper clusters we used the OTSU thresholding method as implemented in the software Gwyddion. 40 Thus, for -0.075, -0.100, -0.125, -0.150 and -0.175 V the average diameters are 14.3, 13.71, 11.41, 11.05 and 11.02 nm, respectively. These results are indicating that the cluster's size increases as the applied potential is augmented.
These results suggest that small copper clusters may be obtained when lower potential values are applied on the electrode surface, while bigger clusters were obtained at more positive potentials than -0.075 V. From Figure S2 , the number of clusters obtained for -0.075, -0.100, -0.125, -0.150, and -0.175 V were 62, 84, 135, 167, and 248 per m 2 , respectively. It is clear that the population of nuclei is increased when the applied potential is more negative than -0.075 V. Also, observe that this increment follows an exponential tendency with the applied potential, see Figure 7 , which may be represented by the following equation. N = 21.956 e -0.0138E (3) where N is the number of nuclei per m 2 , and E is the applied potential in mV. Also, in this work we propose to simulate qualitative AFM images of the copper clusters synthesized, through the number of nuclei and their respective xyz coordinates. Thus, it is possible to consider that all nuclei should have similar heigths because under our conditions the copper electrodeposition is instantaneous, see Figures 5, S1, and and S2. In order to perform the simulation of the AFM images, the number of nuclei at each potential were determined employing the equation (3), and their respective xy coordinates were determined through the "random function" implemented in any spreadsheet, such as Excel TM , multiplied by the long and wide of the modelled surface. For example the "x" coordinate is obtained as ("random function")(wide), while the "y" coordinate is calculated as ("random function")long, where "wide" and "long" correspond to the surface's dimensions. This approximation is valid because at the initial stages of the electrodeposition process the nuclei formation on the electrode surface follows a random distribution. 41 This procedure is repeated as many times as O n L i n e F i r s t nuclei have been formed or predicted by equation (3) at a specific potential value.
Once the xy coordinates of each nuclei are obtained they are plotted in a bidimensional arrengment, then this figure is visualized employing the freeware ImageJ, 31 and the plugin "Interactive 3D surface plot" as implemented in this software. Figure 8 shows the simulation and distribution of nuclei on HOPG according to procedure above mentioned, on an area of 1 m 2 (wide= 1 m and long= 1 m) for the experimental applied potential value of -0.075 V, the simulation for the other applied potentials are reported in Figure S-3 . Also, a theoretical additional applied potential value (-0.200 V) was analyzed employing the methodology above mentioned. Note that, according to this simulation, the formation of disperse clusters may be synthesized at higher potential than -0.175 V. From these simulations note that the agglomeration of nuclei is major at -0.175 V and -0.200 V, which suggests that the synthesis of disperse copper clusters with nanometric dimensions may be carried out at higher potentials than -0.175 V. These results show a similar tendency to that observed from the experimental AFM study, see Figure S2 , suggesting that this methodogy may be employed to simulate the population and distribution of CuN on the HOPG surface at different applied potential values. 
CONCLUSION
In this work, we employed the potentiostatic technique to synthesize nanometric copper clusters from a plating bath based on perchlorate solutions on a HOPG electrode. Our results indicate that it is possible to synthesize copper clusters smaller than 3 nm of height and 14.3 nm of diameter from perchlorate solutions, modifying exclusively the applied potential on the electrode surface. From the AFM study, it was observed that the population of copper clusters is O n L i n e F i r s t increased when the applied potential is more negative than -0.075 V, however higher clusters are obtained at more positive potentials. O n L i n e
